Abstract. FFT or wavelet transform method is usually used in transformer on-line vibration signal analysis apparatus. In order to extract features of transformer vibration signals reliably and accurately, a method which is based on FFT and wavelet packet transform was proposed for type identification of transformer vibration signals using k-nearest neighbor (KNN). First of all, the known transformer vibration signals were decomposed by FFT and several characteristic bands which were used to determine the layer number of wavelet packet decomposition were extracted; secondly, the feature vectors contained energy entropy of a selective wavelet packet decomposition for characteristic bands was obtained; Finally, KNN classifiers are utilized for pattern recognition. Five kinds of winding and core state vibration signals under conditions of transformer short-circuit test in the laboratory were extracted and recognized using the above methods. Simulation results demonstrate that the method proposed can extract the features of transformer vibration signals accurately and reliably, providing a good reference for the recognition of partial discharge signals.
Introduction
According to incomplete statistics, the system accident caused by the transformer fault occupies a large proportion [1 -3] . It is very important to study on-line condition monitoring and fault diagnosis of transformer winding and iron core. It can help to discover the fault hidden trouble in the transformer timely and repair it in time, then reduce or avoid the sudden accident caused by the transformer winding and iron core defect.
There are many methods of detecting transformer winding deformation and iron core looseness, including short circuit test, low pressure pulse method, frequency response method, gas chromatography and so on. But none of these methods can reflect the operation status of the transformer on line [4] .
In recent years, the method of analyzing the mechanical condition of transformer winding and core based on vibration signal has obtained some achievements [5, 6] .It is one of the hot spots in current transformer online detection. Document [7 -9] establishes the mapping of energy changes to transformer core and winding failures. It uses the three-layer wavelet packet to decompose the energy of each band as the fault criterion. Document [10] uses the 3-dimensional Hilbert energy spectrum and boundary spectrum of the core vibration signal as the core vibration characteristic of normal operation and hidden failure. Document [11] takes fundamental component, 50Hz component and their frequency doubling components as the fault characteristic frequency, and establishes the fundamental frequency component conversion model of the vibration signal. In these methods, Fourier transform (FFT), wavelet packet transform and Hilbert -Huang transform are introduced, and the validity of the method is proved. However, further work needs to be done on the specific details of the feature extraction of the transformer vibration signal. For example, since the transformer vibration signal has a non -stationary characteristic to some extent, only using FFT analysis can result in missed detection, even misjudgment of certain fault conditions. When using wavelet packet transform, the choice of decomposition level has a tradeoff between accuracy and efficiency. At present, no relevant literature is discussed. On the basis of literature [8] and [12] , taking into account the accuracy and efficiency of feature extraction, this paper deeply studies the signal processing method combining FFT and wavelet packet transform in order to meet the requirement of on-line monitoring of transformer vibration.
In this paper, the vibration signals of 6 channels on the surface of the tank during the short -circuit operation are obtained when the transformer winding and core are in normal and fault condition for an SZ -20000 / 35KV three-phase winding transformer. Then a feature extraction method based on FFT and wavelet packet transform is proposed. In this method, firstly, the characteristic frequency of the vibration signal is identify by FFT, then wavelet packet is used to extract wavelet packet coefficient energy entropy of characteristic frequency quickly. The energy entropy is used to judge the state of transformer windings and iron cores. It provides a new idea for on -line monitoring of transformer vibration signal.
Feature Extraction of Vibration Signals Based on FFT and Wavelet Packet
The FFT method is simple in principle, fast in analysis, and can well represent the typical frequency characteristic of the signals. It is one of the most widely used signal processing methods. But the Fourier frequency is defined with a global sine wave, regardless of time, and assuming that the signal waveform is steady -state and periodic, the number of cycles of the sample is an integer. So it is also limited to the nonlinear and non-stationary of the complex vibration signal by FFT.
Wavelet packet transform has excellent time-frequency resolution characteristics, which can effectively extract the characteristics of the vibration signal [17] [18] [19] [20] . Fig. 1 is a three-layer wavelet packet decomposition diagram. Compared with wavelet transform, wavelet packet analysis provides a finer decomposition method. It not only decomposes the low frequency band but also decomposes the same scale for high frequency. Therefore, it improves the resolution of the signal analysis, and more characteristic information is extracted. However, the computational complexity of wavelet packet analysis greatly reduces the real-time performance of signal feature extraction because of the high-resolution analysis of all the high frequency bands. In this paper, FFT and wavelet packet transform combined, the characteristics of the transformer vibration signal extraction, Firstly, the signal is analyzed by FFT, and the main frequency components of the signal are obtained. Then according to these frequency components, the wavelet packet decomposition level is adaptively selected, and the frequency band is decomposed and reconstructed. In this method, based on the spectrum obtained by FFT, the wavelet packet decomposition level can be adaptively selected and the frequency band can be selectively analyzed for high resolution. It improves the accuracy of wavelet packet analysis; meanwhile, it also reduces the computational complexity and improves the real-time performance of feature information extraction.
Transformer vibration signal feature extraction method based on FFT and wavelet packet steps are as follows:
(1) FFT analysis of transformer vibration signal. The first m frequency peaks are screened by using the mean value of the spectrum as the characteristic frequency of the signal
(2) Calculate the minimum interval frequency f of each frequency in the signal characteristic frequency F. Then calculate the wavelet packet decomposition level n. The frequency interval F i of each frequency segment after the n-layer wavelet packet decomposition is less than f.
(1) Where Fs is the sampling frequency. (3) According to the signal characteristic frequency F, the n-layer wavelet packet decomposition is selectively performed on the frequency band to extract the wavelet packet coefficients. 
Test Environment and Conditions
In order to verify the previous method and realize the diagnosis of transformer core and winding faults, this paper analyzes and tests the transformer vibration signal. A short circuit test was performed on a SZ-20000 / 35KV three-phase winding transformer in the laboratory. 6 ICP-type acceleration vibration sensors (100mV / g) are permanently mounted on the transformer tank. The sampling data of 6 channels are acquired synchronously. Data sampling frequency is 10240Hz. Short circuit test is divided into 10 times the load current to the upper limit, respectively: 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%.
In the experiment, the vibration signals of the transformer under normal operating conditions were obtained, and the fault conditions of the transformer windings and the iron core were also simulated. Faults are artificial settings. Among them, the core failure is the state of the top of the iron core fastening bolts off; Winding failure include: extraction of the top two layers of low-voltage winding pad, analog winding pad off, as winding failure 1; concave deformation of the side of the winding, radial Deformation does not exceed 1cm, simulated radial deformation of the winding, as a winding fault 2; so that both the concave deformation of the winding failure and winding pad off, mixed winding fault simulation, as a winding fault 3. Fig. 2 is a time-domain plot of the acquired vibration signal under the normal and core fault and winding fault transformer conditions in the short-circuit test, the load current is 90% of the upper limit of the rated current. It is the second channel. Fig. 3 is the corresponding spectrum of the signal in Fig. 2 . The amplitude of the fundamental frequency component (100Hz) of vibration signal is the largest which is the main frequency component under normal working condition in Fig. 3 . This confirms that the fundamental frequency of the transformer winding and the core is 2 times of the grid frequency. Therefore, the change of 100Hz fundamental frequency component is also often used as the main characteristic parameter of the transformer state diagnosis. According to the method proposed in reference [11] , we find that the method can well distinguish the core fault and the winding fault from other fault conditions of the transformer, and the algorithm is simple and the recognition rate is high. However, the change of amplitude of the 50Hz component and its frequency multiplication component is relatively small, and only the sensor near the point of failure can be obviously monitored. In addition, this method for winding fault 2 and winding fault 3 resolution is not obvious, and it can't effectively identify. It may produce undetected if only using the result of FFT spectrum analysis. Wavelet packet analysis is an excellent representation of non-stationary signals. In this paper, FFT and wavelet packet analysis are used to make full use of the advantages of both.
Transformer Vibration Signal Analysis

Transformer Vibration Signal Feature Extraction
In this paper the transformer vibration signals measured by short circuit test are extracted and diagnosed based on FFT and wavelet packet. Take the data shown in Fig. 2 as an example.
(1) The FFT spectrum analysis is performed on the vibration signal. Using the spectrum mean value as the threshold, the first m frequency peak is filtered, as the characteristic frequency F = [ f 1 , f 2 , f 3 , ..., f m ], as shown in Table 1 . (2) The minimum interval frequency f = 50 Hz as shown in Table 1 . Signal sampling frequency f s = 10240 Hz. According to the formula (1), the best wavelet packet decomposition level is 7 layers. When the 7 -layer wavelet packet is decomposed, the frequency interval of each frequency segment is 40 Hz, which meets the requirement of decomposition accuracy. Fig. 4 is a time frequency chart of the wavelet packet decomposition of the transformer vibration signal in the short circuit condition. The decomposition layers are 3 layers (a), 6 layers (b) and 7 layers (c) respectively. The signal frequency information in (b) and (c) is significantly dispersed in different frequency bands and more finely as shown in Fig.4 . (3) According to the characteristic frequency of the vibration signal obtained in Table 1 , the selective wavelet packet high resolution analysis is carried out, and 18 wavelet packet reconstruction signal components are obtained, as shown in Fig. 5 . The frequency range of each reconstructed signal wavelet packet is shown in Table 2 . (7, 2) 121-160 (7, 8) 481-520 (7, 14) 361-400 (7, 3) 81-120 (7, 9) 521-560 (7, 15) 321-360 (7, 4) 241-280 (7, 10) 601-640 (7, 30) 681-720 (7, 5) 281-320 (7, 11) 561-600 (7,31) 641-680 Figure 6 . Energy entropy distribution of vibration signal feature vector.
Case Analysis and Comparison
In order to verify the superiority of the feature extraction method based on FFT and wavelet packet, this paper uses FFT and 3 -layer wavelet packet decomposition feature extraction method separately. Then, using KNN method to classify the vibration signal of transformer, the average positive rate of six channel data is analyzed and compared.
In the short circuit test, 50 samples under 5 kinds of working conditions (normal state, iron core failure, winding fault 1, winding fault 2 and winding fault 3) were selected. There are 200 samples. 150 samples were randomly selected as training samples, and the remaining 50 were test samples. Fig.7 is an average diagnostic accuracy of the data of each channel with the load current in the short circuit test. It can be seen that when the loading current is 60 % to 80 % of the upper limit current in the short circuit test, the positive rate of each channel data is the most stable and the highest. Fig. 8 is the average positive rate of 6 channel data using three feature extraction methods. It can be seen the average positive rate of the FFT& wavelet packet feature extraction method can reach more than 90 % in various state of transformer. It is proved that it is more advantageous to improve the correct rate of transformer winding state diagnosis by using the FFT method and using the 3-layer wavelet packet decomposition feature. 
Summary
In this paper, the time and frequency domain of the vibration data of the six channels of the transformer are compared and analyzed in detail. Then combining the advantages of FFT and wavelet packet, the main characteristic frequency of transformer winding is analyzed by FFT, and the accurate wavelet packet decomposition level is obtained. According to the main characteristic frequency, the selective wavelet packet high resolution decomposition is carried out, and the energy entropy of wavelet packet decomposition coefficient is calculated as the characteristic vector of the transformer.
By comparing the average positive rate of the feature method with the FFT extraction feature and the 3-layer wavelet packet decomposition method, the superiority of the proposed method is verified. The average positive rate of the six channel data is more than 90 % under the condition of each transformer. The feature extraction method based on FFT and wavelet packet provides an efficient method for feature extraction of transformer vibration signal.
